To achieve accurate aminoacylation of tRNAs with their cognate amino acids, errors in aminoacylation are corrected by the ''editing'' mechanism in several aminoacyl-tRNA synthetases. Phenylalanyl-tRNA synthetase (PheRS) hydrolyzes, or edits, misformed tyrosyl-tRNA with its editing domain in the ␤ subunit. We report the crystal structure of an N-terminal fragment of the PheRS ␤ subunit (PheRS-␤ N ) from the archaeon, Pyrococcus horikoshii, at 1.94-Å resolution. PheRS-␤ N includes the editing domain B3͞4, which has archaea͞eukarya-specific insertions͞deletions and adopts a different orientation relative to other domains, as compared with that of bacterial PheRS. Surprisingly, most residues constituting the editing active-site pocket were substituted between the archaeal͞eukaryal and bacterial PheRSs. We prepared Ala-substituted mutants of P. horikoshii PheRS for 16 editingpocket residues, of which 12 are archaea͞eukarya-specific and four are more widely conserved. On the basis of their activities, Tyradenosine was modeled on the B3͞4-domain structure. First, the mutations of Leu-202, Ser-211, Asp-234, and Thr-236 made the PheRS incorrectly hydrolyze the cognate Phe-tRNA Phe , indicating that these residues participate in the Tyr hydroxy group recognition and are responsible for discrimination against Phe. Second, the mutations of Leu-168 and Arg-223, which could interact with the tRNA 3-terminal adenosine, reduced Tyr-tRNA Phe deacylation activity. Third, the mutations of archaea͞eukarya-specific Gln-126, Glu-127, Arg-137, and Asn-217, which are proximal to the ester bond to be cleaved, also reduced Tyr-tRNA Phe deacylation activity. In particular, the replacement of Asn-217 abolished the activity, revealing its absolute requirement for the catalysis.
A ccurate translation of the genetic code strongly depends on the specific couplings of cognate amino acid and tRNA pairs by aminoacyl-tRNA synthetases (aaRSs; refs. 1 and 2). Based on the two evolutionarily unrelated catalytic cores, the 20 aaRSs are divided into two classes (I and II), each consisting of 10 enzymes (3, 4) . An aaRS generates an aminoacyl-tRNA by two reaction steps: the synthesis of an aminoacyl-adenylate from an amino acid and ATP, and the subsequent transfer of its aminoacyl moiety to the 3Ј-end of the tRNA.
Aminoacylation specificity generally depends on the discrimination of the cognate amino acid from the noncognate ones at the aminoacylation active site (aminoacylation site). However, several aaRSs fail to discriminate against structurally͞chemically related but noncognate amino acids at the aminoacylation site and catalyze the misactivation and͞or mischarging of tRNA with them. To overcome this problem, these aaRSs hydrolyze the misactivated aminoacyl-adenylate (pretransfer editing; ref. 5) or the misaminoacylated tRNA (posttransfer editing; see ref. 6 ) by using an extra ''editing domain.'' Three class I aaRSs, the isoleucyl- (7) , leucyl- (8) , and valyl-(9) tRNA synthetases, have a homologous domain that catalyzes the editing reactions. On the other hand, a posttransfer editing mechanism has been reported for the class II alanyl-(10), threonyl- (11) , prolyl- (12) , and phenylalanyl (13) tRNA synthetases [AlaRS, ThrRS, ProRS, and PheRS, respectively]. The editing domains in class II aaRSs are diverse, and four structural types have been described so far. AlaRS and ProRS have the ''HxxxH'' domain (11, 14) and the YbaK-like domain (12, 15, 16) , respectively. Bacterial and eukaryal ThrRSs have the HxxxH domain (11, 14) , whereas archaeal ThrRS has the N2 A domain (17, 18) . Recently, the B3͞4 domain of the noncatalytic ␤ subunit of PheRS was found to be responsible for editing Tyr-tRNA Phe (13, 19) .
PheRS is a tetrameric enzyme consisting of two ␣͞␤ heterodimers [(␣␤) 2 ]. A phylogenetic analysis of PheRS sequences revealed that PheRS family members can be classified into two types, the bacterial and archaeal͞eukaryal types (20) . Most studies on the PheRS editing mechanism have been carried out with bacterial enzymes. The crystal structure of PheRS from Thermus thermophilus is the only available PheRS structure (21) (22) (23) (24) (25) . The PheRS structures complexed with its substrates revealed that the aminoacylation site resides in the ␣ subunit (PheRS-␣), and that the ␣ and ␤ subunits both interact with the tRNA. A mutational analysis of Escherichia coli PheRS located the editing site in the B3͞4 domain of the ␤ subunit (PheRS-␤; ref. 13) . Two amino acid residues, His-261 and Glu-334 (the numbering is according to the T. thermophilus sequence), were shown to be crucial for efficient editing activity. Recent structural work on the T. thermophilus PheRS complexed with L-tyrosine provided the structural details underlying the recognition of the Tyr moiety of the editing substrate by the editing pocket of the B3͞4 domain (25) .
On the other hand, the structural basis of the amino acid editing by the archaeal͞eukaryal type of PheRSs has remained obscure, because no 3D structure is available from this version. According to sequence analysis, the archaeal͞eukaryal type differs from the bacterial type in the following points. First, the archaeal͞eukaryal type is shorter than the bacterial type by Ϸ250 aa, because the former lacks the B2 and C-terminal B8 domains that are conserved in the latter. Second, the B3͞4 domain of the archaeal͞eukaryal type shares no obvious sequence similarity with the bacterial counterpart containing the editing site. Despite these remarkable differences, yeast PheRS reportedly exhibits posttransfer editing activity against the misformed Tyr-tRNA Phe , and the B3͞4 domain was presumed to be involved in the reaction (19, 26, 27) .
Here we report the crystal structure of an N-terminal fragment of PheRS-␤ from the archaeon, Pyrococcus horikoshii. This structure includes the editing domain, and in combination with a detailed mutational analysis, provides insights into the substrate recognition mechanism for editing by archaeal͞eukaryal PheRS.
Results

Structure of P. horikoshii PheRS-␤ N .
The ␤ subunit of P. horikoshii PheRS-␤ consists of 556 amino acid residues and is presumed to be composed of four domains, B1, B3͞4, B5, and B6͞7. Because the linker connecting the B5 and B6͞7 domains is highly susceptible to proteolysis (data not shown), the full-length protein was cleaved into two halves during crystallization. Only the N-terminal fragment (residues 1-348, PheRS-␤ N ) was crystallized. Our attempts to obtain cocrystals of PheRS-␤ and tyrosine (or a Tyr-adenylate analog) were unsuccessful. The PheRS-␤ N structure was determined at a resolution of 1.94 Å (Fig. 1A) . The asymmetric unit contains three nearly identical PheRS-␤ N molecules, and each of the refined models contains amino acid residues 2-348, comprising the complete B1, B3͞4, and B5 domains.
The B1 and B5 domains of PheRS-␤ N ( Fig. 1 A, green and red) superimpose well on those of T. thermophilus PheRS (rmsds for the C ␣ atoms are 1.7 and 1.6 Å, respectively). The B3͞4 domain ( Fig. 1 B and Fig. 6 , which is published as supporting information on the PNAS web site) is composed of a central three-stranded antiparallel ␤-sheet sandwiched between a seven-stranded curved ␤ sheet and two ␣ helices ( Fig. 1B, blue ). It can be divided into the B3 and B4 subdomains, and the putative editing pocket is formed at the subdomain interface. The pocket is composed of ␣4-Ins AE 1-␤6, ␤8-␤9, and ␤11-␤12-␤13 and measures Ϸ18 Å in depth and Ϸ7 Å in diameter. The domain architecture is basically the same as that of the T. thermophilus enzyme, and they are superimposable with an rmsd of 1.9 Å for the C ␣ atoms (Fig. 1C ). However, they differ from each other in their specific insertions͞deletions ( Fig. 6 ) and their orientations.
The B3͞4 domain of T. thermophilus PheRS-␤ contains the bacteria-specific insertion Ins B 1 (residues 228-235; Fig. 1C , purple), which interacts with the B1 and B2 domains. It also possesses the helical unit Ins B 2 (residues 340-362; Fig. 1C , green), which is part of the Tyr-binding site. These elements are missing in P. horikoshii PheRS-␤ N . On the other hand, the B3͞4 domain of P. horikoshii PheRS-␤ N possesses two additional elements, Ins AE 1 (residues 135-139; Fig. 1B , yellow) and Ins AE 2 (residues 177-198; Fig. 1B , green), which form a sidewall of the pocket, instead of Ins B 2.
The orientation of the B3͞4 domain relative to the B1 and B5 domains significantly differs between the P. horikoshii and T. thermophilus PheRS-␤s. A superposition of the B1 and B5 domains revealed that the P. horikoshii B3͞4 domain is rotated by Ϸ30°as compared with the T. thermophilus counterpart, probably because P. horikoshii PheRS-␤ lacks the bacteriaspecific Ins B 1 ( Fig. 7 A and B , which is published as supporting information on the PNAS web site). In T. thermophilus, the B3͞4 domain interacts with the B1 domain through Ins B 1, whereas in P. horikoshii, it interacts through the ␣4 and ␣7 helices. The superposition also suggests that the 3Ј end of the tRNA can be translocated to the putative editing pocket of the P. horikoshii B3͞4 domain ( Fig. 7 C and D) . These findings indicate that the B3͞4-domain orientation relative to the tRNA 3Ј end differs between the archaeal͞eukaryal and bacterial types.
The Editing Pocket. The P. horikoshii PheRS-␤ N structure provided structural guidelines to compare the B3͞4 domains between the archaeal͞eukaryal and bacterial types and thus facilitated the alignment of the corresponding amino acid residues ( Fig. 2A) . The structure-based alignment revealed that the editing domain sequences are highly diverse between the two types, except for a few conserved residues. In the archaeal͞ eukaryal type, 21 amino acid residues in the putative editing pocket are well conserved ( Fig. 2B ).
Among these conserved amino acid residues, Ile-123, Ile-142, Leu-168, Leu-202, Ile-215, Thr-221, and Asp-234 are also conserved in the bacterial type and correspond to the T. thermophilus residues Val-246, Met-260, Leu-286, Ile-300, Val-316, Ser-322, and Glu-334, respectively. In the T. thermophilus PheRS⅐tyrosine complex structure, the Met-260, Ile-300, and Val-316 side chains are buried inside, whereas the Val-246, Leu-286, and Glu-334 side chains, as well as the main-chain parts of Met-260 and Val-316, interact with (or are in the vicinity of) the bound tyrosine molecule (25) .
On the other hand, the rest of the amino acid residues (Gln-126, Glu-127, Arg-137, Ala-141, Gly-143, Pro-167, Tyr-189, Ser-211, Pro-213, Pro-214, Ile-216, Asn-217, Arg-223, and Thr-236) are unique to the archaeal͞eukaryal type. They belong to one of four archaea͞eukarya-specific sequence signatures: the ''xxQ(E͞D)x'' motif (residues 123-129, where stands for a hydrophobic residue; Fig. 1B, orange) , the ''RxR'' motif (Ins AE 1, residues 135-137; Fig. 1B, yellow) , the ''FxPL'' motif (residues 165-168; Fig. 1B, pink) , and the ''SPPINxxx(T͞S)xR'' motif (residues 211-224; Fig. 1B, red) . It is remarkable that T. thermophilus Thr-249, Asn-250, His-261, and Glu-323, which were postulated to be involved in the hydrolysis of the misformed product (25) , are all replaced in the archaeal͞eukaryal type (corresponding to Gln-126, Glu-127, Gly-143, and Arg-223, respectively, in P. horikoshii; Fig. 2 A) .
Thus, the editing pocket of archaeal͞eukaryal PheRS-␤ drastically differs from the bacterial counterpart at the amino acid sequence level, although their editing domains share a similar global fold. This suggests there may be differences in the substrate recognition and͞or catalytic mechanisms between the two types of editing domains.
Tyrosine Mischarging by PheRS Mutants. We prepared 16 Alasubstituted PheRS mutants. Mutations were introduced to Gln-126, Glu-127, Arg-137, Phe-145, Leu-168, Tyr-189, Leu-202, Leu-210, Ser-211, Ile-216, Asn-217, Glu-219, Thr-221, Arg-223, Asp-234, and Thr-236 (Q126A, ⌭127A, R137A, F145A, L168A, Y189A, L202A, L210A, S211A, I216A, N217A, E219A, T221A, R223A, D234A, and T236A, respectively; Fig. 2 A) in the B3͞4 domain of the ␤ subunit. All of these residues are constituents of the editing pocket, and their side chains could be proximal to the editing substrate (Fig. 2B ). In addition, we prepared PheRS with the replacement of Ala-141 with Trp (A141W), which would plug the editing pocket and prevent substrate binding. All enzymes were prepared in the background of the A463G mutation in the ␣ subunit (␣A463G). This mutation is equivalent to the ␣A294G mutation in E. coli PheRS and is expected to enlarge the aminoacylation site to enhance tyrosine misactivation (13, 28) . The ␣A463G mutation has no effect on the editing activity of P. horikoshii PheRS, because the activities of the ␣A463G͞␤WT (WT) and ␣WT͞␤WT enzymes were the same in all experiments performed in the present study (data not shown).
First, we tested whether these mutant PheRS enzymes mis-aminoacylate tRNA Phe with tyrosine ( Fig. 3 A and B) . Significant Tyr-tRNA Phe formation was observed for the E127A, R137A, A141W, L168A, Y189A, N217A, R223A, and D234A mutants.
On the other hand, the WT enzyme ( Fig. 3B ) and the other mutant enzymes examined (data not shown) displayed no detectable tyrosine mischarging. This result suggests that Glu-127, Arg-137, Leu-168, Tyr-189, Asn-217, Arg-223, and Asp-234 in the ␤ subunit contribute to deacylation of the misformed product by PheRS. The A141W mutant resulted in the largest misincorporation of tyrosine; the mischarging activity of the N217A mutant is comparable to that of the A141W mutant. On the other hand, the tyrosine mischarging level was moderate for the L168A, R223A, and D234A mutants and relatively low for the E127A, R137A, and Y189A mutants. Note that the overall aminoacylation activities of these mutants are comparable to that of the WT enzyme ( Fig. 3C and data not shown), indicating that mutations in the editing domain have no effect on aminoacylation at the aminoacylation site.
Mutants Deficient in Posttransfer Editing. Next, we measured Tyr-tRNA Phe deacylation activity by these mutant PheRSs. Tyr-tRNA Phe was prepared by using the A141W mutant, which has the highest mischarging activity. All of the mutant PheRSs that misaminoacylated tRNA Phe with tyrosine also exhibited impaired deacylation activities. A severe defect in Tyr-tRNA Phe hydrolysis was observed for the L168A and N217A mutants (Fig.  4A) . We performed the deacylation experiment with a 10-fold higher enzyme concentration for these two mutant PheRSs (Fig.  4B ). Under these conditions, the L168A mutant showed a trace level of deacylation activity, whereas the deacylation level of the N217A mutant was comparable to that of nonenzymatic hydrolysis. This suggests that Asn-217 is essential for posttransfer editing by P. horikoshii PheRS. On the other hand, the deacylation deficiency was relatively moderate for the R223A and D234A mutants and small for the Q126A, E127A, R137A, and Y189A mutants (Fig. 4A) . It is interesting that the F145A, L202A, L210A, S211A, T221A, and T236A mutants showed increased Tyr-tRNA Phe deacylation activities (Fig. 8 , which is published as supporting information on the PNAS web site).
Some residues investigated here are expected to be involved in Tyr recognition. Mutations of such residues would impair strict Tyr recognition and would allow the editing domain to recog-nize͞hydrolyze an improper substrate, such as the cognate Phe-tRNA Phe . Therefore, we tested whether the present mutant PheRSs were able to hydrolyze the cognate Phe-tRNA Phe . As compared with WT, the L202A, S211A, D234A, and T236A mutants showed significant misediting activities (Fig. 4C) , strongly suggesting that Leu-202, Ser-211, Asp-234, and Thr-236 are responsible for the discrimination against Phe.
Discussion
Categorization of the Residues Crucial for Editing by Archaeal͞
Eukaryal PheRS. We determined the crystal structure of the P. horikoshii PheRS-␤ editing domain and constructed a structurebased alignment of the PheRS editing-domain sequences. By a mutational analysis based on structural data, we identified the residues important for the editing of misformed Tyr-tRNA Phe by the archaeal͞eukaryal type of PheRSs.
To examine the roles of the important residues in the editing activity, we created a plausible model of the P. horikoshii PheRS editing domain bound with the posttransfer substrate. In the model, the Tyr moiety was placed in the P. horikoshii PheRS editing pocket by superposing it on the T. thermophilus editing domain with the bound tyrosine molecule. The tRNA 3Јterminal adenosine moiety (A76) was attached to the tyrosine to produce the 2Ј-tyrosylated adenosine (Tyr-A76), as previously proposed for the T. thermophilus enzyme (25) , and was energyminimized ( Fig. 5) . Based on the model, amino acid residues important for P. horikoshii PheRS editing activity can be categorized into three groups: (i) residues close to the Tyr hydroxy group (Leu-202, Ser-211, Asp-234, and Thr-236; Fig. 5A , light blue), (ii) residues close to the A76 moiety (Leu-168 and Arg-223; Fig. 5A, pink) , and (iii) residues close to the Tyr-A76 ester bond (Gln-126, Glu-127, Arg-137, and Asn-217; Fig. 5A , orange).
Specific Interaction with the Tyrosyl Moiety. The docking model of the P. horikoshii PheRS editing domain and the posttransfer substrate suggests the Tyr ring could be accommodated in a hydrophobic pocket composed of Ala-141, Ile-142 (main chain), Gly-143, Pro-213, and Pro-214 ( Fig. 5A, white) . Ala-141, Gly- 143, Pro-213, and Pro-214 are the archaea͞eukarya-specific residues, and the interior of the pocket is shaped somewhat differently from that in T. thermophilus PheRS-␤. This indicates that the orientation͞conformation of the bound tyrosine is not exactly the same between the archaeal͞eukaryal and bacterial types.
On the other hand, the Tyr hydroxy group could interact with Asp-234 ( Fig. 5A, light blue) , which is an acidic residue conserved throughout the entire PheRS-␤ family. The Ala substitution of this residue decreased Tyr-tRNA Phe hydrolysis activity by P. horikoshii PheRS. Consistently, the corresponding acidic amino acid residue is reportedly crucial for efficient editing by the E. coli and S. cerevisiae PheRSs (13, 19) . In the structure of T. thermophilus PheRS complexed with tyrosine, the corresponding residue, Glu-334, forms a hydrogen bond with the Tyr hydroxy group (25) . In the present study, we showed that the Asp-234 mutation allows P. horikoshii PheRS to hydrolyze Phe-tRNA Phe , evidence demonstrating that an acidic residue plays a crucial role in discrimination against Phe.
Misediting of Phe-tRNA Phe was also observed for PheRS variants with L202A, S211A, and T236A substitutions in the ␤ subunit. Ser-211 and Thr-236 are archaea͞eukarya-specific residues. They are close to Asp-234 and together form a local hydrophilic environment that would be favorable for accommodating the Tyr hydroxy group (Fig. 5A, light blue) . The misediting activities of the S211A and T236A mutants suggest that the hydrophilic environment might also be important to exclude the hydrophobic Phe side chain. Leu-202 is the conserved hydrophobic residue in the PheRS-␤ family, and it contacts the Asp-234 and Ser-211 side chains. Leu-202 might indirectly contribute to the amino acid specificity of the editing site, probably by constraining the conformations of Asp-234 and Ser-211 ( Fig. 5A, light blue) .
It is interesting that the mutant PheRSs substituted at Phe-145, Leu-202, Leu-210, Ser-211, Thr-221, and Thr-236 in the ␤ subunit display hyperactive Tyr-tRNA Phe deacylation. These residues constitute one half of the binding pocket for Tyr-A76 in our model. Substitutions of these residues would impair the substrate interaction because of the decreased complementarity. It is possible that the hyperactivity of the mutant enzymes might be explained by an increased rate of product release. The above-mentioned L202A, S211A, and T236A mutants are not only hyperactive in the canonical Tyr-tRNA Phe deacylation but also deficient in discrimination against Phe.
Interaction with the Adenosine Moiety. Leu-168 in P. horikoshii PheRS-␤ is absolutely conserved in the family, and it protrudes from the tip of the ␤8-␤9 hairpin (residues 161-176). Leu-168, together with Ile-123, Ile-216, Glu-219, and Arg-223, constitutes the opening of the editing pocket, which could accommodate the A76 portion of the editing substrate. The corresponding Leu residue in T. thermophilus (Leu-286) was proposed to be involved in the interaction with A76 (25) . We demonstrated that the Ala substitution of Leu-168 in P. horikoshii PheRS-␤ causes a severe defect in PheRS editing activity ( Figs. 3B and 4 A and B) . Thus, the conserved Leu residue was confirmed to play a pivotal role in editing (Fig. 5A, pink) .
Although the reduction in editing activity by the R223A mutation was moderate relative to that by the L168A mutation, Arg-223 might also interact with the adenosine. Arg-223 corresponds to T. thermophilus Glu-323, which points toward the inside of the pocket and therefore may participate in the cleavage of Tyr-A76 (25) . In contrast, the Arg-223 side chain points away from the pocket and would be far from the Tyr-A76 ester bond. If Arg-223 underwent a conformational change upon substrate binding, then its guanidinium group could interact with the ester bond. Therefore, another possibility is that Arg-223 directly contributes to catalysis.
The Editing Active Site. It is remarkable that the amino acid residues close to the Tyr-A76 ester bond dramatically differ between the archaeal͞eukaryal and bacterial types of PheRS-␤s. In the T. thermophilus PheRS⅐tyrosine structure, the ␣-carboxy group of the bound tyrosine is surrounded by Thr-249, Asn-250, His-261, and Glu-323. These residues were postulated to be involved in hydrolysis, because their arrangement is similar to that in peptidyl-tRNA hydrolase (25) . In contrast, none of these residues is conserved in P. horikoshii PheRS-␤. Our model suggests that Gln-126, Glu-127, Arg-137, and Asn-217 are close to the ester bond ( Fig. 5A, orange) . This type of catalytic site is not present in any known hydrolase structure (29) .
The mutant PheRS with an Ala substitution of Asn-217 in the ␤ subunit showed the largest decrease in Tyr-tRNA Phe hydrolysis activity among the mutants tested. The level of deacylation by this mutant enzyme is as low as that of nonenzymatic deacylation, indicating the essential role of this archaea͞eukaryaspecific Asn residue in catalysis. In bacterial PheRS-␤s, a Gly residue is conserved at the corresponding position (Gly-318 in T. thermophilus). Archaea͞eukarya-specific Gln-126 and Glu-127, corresponding to Thr-249 and Asn-250 in T. thermophilus, are also proximal to the ester bond. Mutational analysis revealed that Gln-126 and Glu-127 contribute to editing efficiency, although these residues do not seem to be essential for catalysis.
Arg-137, belonging to Ins AE 1 in P. horikoshii PheRS-␤, was shown to be important for efficient editing. Arg-137 is one of the major constituents of the pocket interior, and its side chain is close to the ␣-amino group of the tyrosyl moiety in our model. The substitution of Tyr-189 from Ins AE 2, which stacks on 
